Abstract-This study examined whether a linear exercise stress-testing protocol generated different peak exercise performance variables than a stepwise exercise testing protocol in patients with chronic fatigue syndrome (CFS). We conducted a comparative study with patients randomly allocated to one of two exercise testing protocols. Twenty-eight women with CFS completed two self-reported measures (the CFS Symptom List and the CFS Activities and Participation Questionnaire) and then performed until exhaustion either the linear or the stepwise exercise testing protocol with continuous monitoring of physiological variables (heart rate and oxygen uptake). At baseline, we found no significant differences in demographic features and health status between groups (p > 0.05). Based on ratio peak workload/peak oxygen uptake, mechanical efficiency was lower among the subjects performing the stepwise protocol (p = 0.002). When we analyzed the mean linear regression slope values between oxygen uptake and workload from each subject's minute-by-minute exercise data points, we found that mechanical efficiency was lower among the subjects performing the stepwise protocol (p = 0.039). Apart from mechanical efficiency, we found no differences in exercise performance data between groups (p > 0.05). Our results suggest that the difference between linear and stepwise exercise protocols cannot account for all discrepancies of previous studies on exercise performance data in women with CFS, but they do suggest that the nature of the exercise testing protocol influences mechanical efficiency in these patients. Further study is warranted.
INTRODUCTION
Chronic fatigue syndrome (CFS) is a debilitating disorder characterized by sleep impairments, fatigue, headache, muscle and joint aches, and symptoms of poor concentration and memory [1] . Symptoms are typically worsened after modest amounts of exercise [2] , after increased daily physical activity [3] , and after a maximal exercise stress test [4] [5] . A delayed recovery from exercise typically occurs in patients with CFS [6] .
Exercise performance testing is widely used for the assessment of patients with CFS and appears to be both reproducible and valid [7] . Exercise testing was able to distinguish between female patients with CFS and nondisabled sedentary females [8] , and exercise capacity variables were correlated with activity limitations and participation restrictions in CFS patients [9] . Previous research has shown that patients with CFS present with an abnormal exercise response: reduced peak oxygen uptake (VO 2 ) [8, [10] [11] , reduction in peak heart rate (HR) [11] , earlier exhaustion [11] , reduced exercise tolerance [10, 12] , reduced workload [10] , and accelerated glycolysis with increased lactate production [13] . Contrary to these findings, other studies show that the aerobic capacity of patients with CFS lies within the low normal range [14] [15] . Together with the different severities of CFS in the samples tested, the lack of uniformity in exercise testing protocols might account for the differences between results. Both a linear [4, [8] [9] 13 ] and a stepwise [10, 14] increase in bicycle workload have been used to study exercise performance in people with CFS. Therefore, the present study compared the outcome of two exercise testing protocols in patients with CFS: a maximal bicycle exercise test using a linear increase in workload (an increase of 5 W/min) and a maximal bicycle exercise test using a stepwise increase in workload (a sudden increase of 15 W every 3 min). We anticipated that the linear protocol would be more appropriate for women with CFS. The sudden increase of 15 W might be too difficult for some patients with CFS, possibly causing early cessation of the exercise test and consequent underestimation of peak exercise capacity. We hypothesized that the linear protocol would generate higher peak exercise performance variables compared with the stepwise protocol. We chose the protocols to obtain an equal increase in workload of 15 W every 3 min in both protocols (either with a linear or a stepwise increase).
METHODS

Patient Recruitment and Research Design
Female patients with CFS were randomly allocated from consecutive referrals to our CFS clinic. Approximately 120 patients were contacted by telephone and asked to participate. Fifty-seven patients agreed to participate. Of these 57 patients, 27 did not attend the scheduled appointments, leaving us with 30 study participants. Data could not be collected during exercise testing for two patients because of technical problems (problems with the printer or the patient being unable to wear the mask throughout the exercise testing session), leaving results from 28 participants. All participants fulfilled the Centers for Disease Control and Prevention (CDCP) criteria for CFS [1] . All patients underwent an extensive medical evaluation prior to study participation (for more details regarding the diagnostic strategies applied in this study, see Nijs et al. [16] ). To account for the heterogeneous nature of the CFS population, we applied additional inclusion/exclusion criteria beyond the diagnostic criteria. First, the study focused on women to preclude bias originating from pooling of sex data [14] . Second, all patients spoke Dutch as their native language and were between 18 and 65 years old. The mean age was 42.1 ± 7.7 (range = 24-55), and the mean illness duration was 5.5 ± 5.1 years (range = 1-21). Third, study participants had to be able to perform a graded bicycle exercise test. Fourth, all participants had to able to provide written informed consent. An information leaflet was given to all patients, and they were instructed to read it carefully and, if necessary, ask for additional clarification. The study protocol was approved by the local ethics committee (Academical Hospital Vrije Universiteit Brussel, O.G. 016). After providing written informed consent, participants were asked to complete two short questionnaires that would enable us to monitor their health status (the Dutch versions of the CFS Activities and Participation Questionnaire [CFS-APQ] and the CFS Symptom List). Then patients were randomly allocated to either the linear or the stepwise exercise testing protocol (we concealed allocation by having patients draw lots) and performed the exercise test on a bicycle ergometer with continuous monitoring of cardiorespiratory variables. The randomization process did not include any stratification.
Questionnaires
The CFS-APQ is a self-administered questionnaire that monitors activity limitations and participation restrictions in patients with CFS. A total score of 1 indicates no activity limitations or participation restrictions, while 16 represents the maximum score. Data have been reported that document the test-retest reliability, internal consistency, and content, convergent, and discriminant validity of the Dutch CFS-APQ in patients with CFS [17] [18] . The CFS Symptom List is a self-reported measure for assessing symptom severity in patients with CFS. It encompasses the 19 symptoms most frequently reported by a sample of 1,578 patients with CFS [19] . We used visual analog scales (100 mm) to assess the severity of the symptoms included in the CFS Symptom List. In a previous study of 68 patients with CFS, the internal consistency of the different items included in the Dutch CFS Symptom List was high (Cronbach α = 0.88) [20] . The 
Linear Exercise Testing Protocol
The patients performed a bicycle ergometric test using a linear increase in workload until volitional exhaustion was reached. The patients sat on an electromagnetically braked ergometer (Jaeger 900, Lode B.V., Groningen, the Netherlands). We monitored HR continuously at rest and during exercise using a Polar Accurex Plus ™ (Polar Electro Oy, Kempele, Finland). To collect pulmonary data during the test, we used an open-circuit spirometer (Mijnhart Oxycon, IBM, Bunnik, the Netherlands) with automatic printout every 30 s. Averages were obtained for peak VO 2 and maximal carbon dioxide (CO 2 ) production during every 30 s interval for the duration of each stage of the exercise. A two-way breathing valve attached to a mask, which covered the patients' nose and mouth, collected the expired air. The air was analyzed continuously for ventilatory and metabolic variables.
Before each test, we calibrated gas and volume with a 3-l syringe, according to the manufacturer's guidelines. The oxygen (O 2 ) analyzer was calibrated with known gas mixtures of 18 percent O 2 and 5 percent CO 2 . The room air calibration was automatically run before each test to update the CO 2 analyzer baseline and the O 2 analyzer gain so that they coincided with atmospheric values.
Patients started the test at 0 W, with a linear increase of 5 W/min. Patients were instructed to bicycle at a constant speed of 60 rpm. For safety reasons, the investigator ended the test if the patient reached her predetermined agepredicted peak HR or if the cycling speed decreased below 50 rpm. The age-predicted peak HR was calculated as 220 minus the patients' age in years. The following variables were measured and computed: HR at rest, peak HR, exercise duration, maximal work capacity attained, work capacity attained at a respiratory exchange ratio (RER) of 1.0, peak VO 2 per kilogram of body weight, body weightadjusted O 2 uptake at RER = 1.0, resting and peak RER, peak ventilation (VE), peak rate of elimination of CO 2 (VCO 2 ), peak VE/peak VCO 2 , VO 2 at RER = 1.0/peak VO 2 , and the percentage of target HR achieved. The peak workload was divided by peak VO 2 to obtain the mechanical efficiency. The metabolic data analyzed were the mean values of the last 30 s from the final stage of exercise or the highest value attained if a decline in VO 2 occurred at the final workload [8] . The study participants were distributed within the four subgroups of the American Medical Association (AMA) impairment rating scale according to the peak VO 2 achieved [21] . No impairment was defined as peak VO 2 > 25 mL/min/kg, mild impairment as peak VO 2 = 20-25 mL/min/kg, moderate impairment as peak VO 2 = 15-20 mL/min/kg, and severe impairment as peak VO 2 < 15 mL/min/kg [21] .
Stepwise Exercise Testing Protocol
The patients performed a bicycle ergometric test using a stepwise increase in workload until volitional exhaustion was reached. All patients started the test at 15 W, with a sudden increase of 15 W every 3 min. Apart from the way the workload was increased, the methods described for the linear exercise testing protocol apply to the stepwise exercise testing protocol.
Statistical Analysis
We analyzed all data using SPSS 11.0 © for Windows (SPSS Inc, Chicago, Illinois). We used a one-sample Kolmogorov-Smirnov (K-S) goodness-of-fit test to examine whether the variables were normally distributed. In cases of normally distributed variables, we used the independent samples Student's t-test to compare the two groups. If the K-S revealed that a variable was not normally distributed, then the nonparametric Mann-Whitney test was used. In addition to the ratio peak workload/peak VO 2 as a measure of mechanical efficiency, the linear regression slope values between VO 2 (dependent variable) and workload (independent variable) from the minute-by-minute exercise data points for each subject were computed, and the mean values were compared between groups with the Student's t-test. When appropriate, the significance level was set at 0.01 to help protect against potential type I errors.
RESULTS
Apart from illness duration (K-S z-score = 1.4; p = 0.04), all health status variables and demographic features were normally distributed. Both groups (n = 14) were similar in demographic features (age, illness duration, height, and weight) and health status (symptom severity and activity limitations/participation restrictions) ( Table 1) . Besides the lack of difference in total score on the CFS Symptom List (displayed in Table 1 ), no differences in any of the 19 individual visual analog symptom scales were found (data not shown).
Two exercise tests were terminated because the subject reached the predetermined age-predicted peak HR. The distribution of the sample within the four subgroups of the AMA impairment rating scale [21] is presented in Table 2 ; the majority of the CFS patients (18/28 or 64%) are considered to have "moderate to severe impairment of the whole person" (classes 3 and 4) . The distribution of the participants within the four subgroups was identical for both groups (stepwise vs linear exercise protocol) ( Table 2) . Apart from the workload at RER = 1.0 (K-S z-score = 1.5; p = 0.01), all exercise performance variables were normally distributed. The descriptives and comparative statistics of the exercise performance data are presented in Table 3 . Based on the ratio peak workload/peak VO 2 , mechanical efficiency was lower among the subjects performing the stepwise protocol (p = 0.002). When analyzing mechanical efficiency using the mean linear regression slope values between VO 2 and workload from the minute-by-minute exercise data points for each subject, we observed a group difference. Compared with the group performing the linear protocol (7.87 ± 3.29), the mean ± standard deviation slope value was higher in the group performing the graded exercise protocol (10.58 ± 3.12) (t = -2.18; p = 0.039). Apart from the mechanical efficiency, we found no differences in exercise performance data between groups. Based on peak VE/peak VCO 2 , ventilatory drive was similar in both groups.
DISCUSSION
The results suggest that the nature of the exercise testing protocol influences the mechanical efficiency during exercise of women with CFS. Compared with the subjects performing the exercise test with a linear increase in workload (5 W/min), mechanical efficiency was lower among the subjects performing the exercise test with a sudden increase of 15 W every 3 min (stepwise protocol). Mechanical efficiency was lower both at the termination of the exercise test (i.e., the ratio peak workload/peak VO 2 ) and during exercise (i.e., the slope values). Still, the results suggest that the difference between the linear and stepwise exercise protocols cannot account for all discrepancies of previous studies on exercise performance in women with CFS. Indeed, the majority of the submaximal and peak exercise performance data (e.g., VO 2 at RER = 1.0, peak VO 2 , peak VE peak RER, peak HR) did not differ between groups. Apart from the mechanical efficiency, the results suggest that a maximal bicycle exercise test using a linear increase in workload generates results similar to a maximal bicycle exercise test using a stepwise increase in workload. Contrary to what we anticipated before the study, the results do not suggest that the sudden increase of 15 W (stepwise protocol) causes early cessation of the exercise test and consequent underestimation of peak exercise capacity in women with CFS. Apart from the mechanical efficiency, the results refute our hypothesis that the linear protocol generates higher submaximal or peak exercise performance variables compared with the stepwise protocol. The observation that the subjects had lower mechanical efficiency performing the stepwise protocol may be valuable to healthcare workers and researchers applying exercise testing and exercise therapy in women with CFS. We chose the protocols to obtain an equal increase in workload of 15 W every 3 min in both protocols. Further study is warranted, for instance, on other exercise testing protocols previously used for studying patients with CFS. Fulcher and White used a treadmill walking test at a constant speed of 5 kph and a gradient increase of 2.5 percent every 2 min [11] . Sargent et al. applied cycle ergometry starting at 0 W by incrementing the power output by 25 W every 2 min [14] . Bazelmans and colleagues applied an individually tailored bicycle ergometer test: the workload was increased every minute in steps of 10 percent of estimated maximal workload [4] . Future studies are required to reveal whether these protocols generate similar exercise performance data in patients with CFS and to identify the optimal exercise testing protocol for individuals with CFS. In addition, a future study should compare the mechanical efficiency of people with CFS and nondisabled sedentary controls.
Apart from the lack of uniformity in exercise testing protocols, the highly heterogeneous nature of the CFS population and the lack of uniformity in the diagnostic criteria used may account for the differences between investigators. Indeed, a previous study showed that a method for predicting peak VO 2 established in Oxford-defined patients with CFS was not applicable to CDCP-defined patients with CFS [22] . Compared with the 1994 CDCP case definition for CFS [1] , the British criteria for CFS [23] do not include symptoms of depressive illness and anxiety disorders as exclusion factors and use fewer symptom criteria.
Our performance data, interpreted according to the AMA impairment rating scale, support previous studies suggesting a reduced exercise capacity in patients with CFS [8, [10] [11] [12] [13] . In analysis of the mean peak oxygen data of both groups, the women with CFS remained 27 to 32 percent below the threshold value for having "no impairment of the whole person" defined by the scale of impairment rating [21] . Recent studies provided insight into the nature of abnormal exercise performance in people with CFS: kinesiophobia (irrational fear of movement) was not related to exercise performance [24] , but intracellular immune deregulations were identified as determinants of exercise performance [16, 25] . In addition, patients with CFS have been shown to respond to an exercise challenge with a lengthened and accentuated oxidative stress response [24] , an enhanced complement activation [26] , and exaggerated resting differences in gene expression profile in peripheral blood mononuclear cells [27] . Our results should be interpreted in light of the study limitations. First, having all patients perform both exercise testing protocols would have been the primary choice for our study design. We anticipated that patients with CFS would be unable to perform more than one maximal exercise test a day. Indeed, experimental data shows that the majority of patients with CFS relapse following maximal exertion [5] . Therefore, asking the patients to return for a second maximal exercise test days or even weeks after the first assessment was deemed medically risky and therefore unethical. In addition, having the study participants return for the second test performance might have introduced potential bias from the fluctuating nature of CFS symptoms. Given the lack of differences in symptom severity and activity limitations/participation restrictions between groups, the results presented here are unlikely to be biased by differences in health status. For all these reasons, the study design was deemed appropriate for examining the study aim. Second, the results are applicable to women attending a specialized CFS clinic. Male or primary care CFS patients were not studied. Third, the patients studied here were distributed within the four subgroups of the AMA scale of impairment rating, suggesting a heterogeneous group of patients. While heterogeneity in exercise testing protocols might be an issue in CFS research, the heterogeneous nature of the CFS population is likely to be another contributor to conflicting research results among researchers.
CONCLUSIONS
In light of the study limitations, our results suggest that the nature of the exercise testing protocol influences mechanical efficiency during exercise in women with CFS. Compared with the subjects performing the exercise test with a linear increase in workload, mechanical efficiency was lower among the subjects performing the exercise test with a stepwise protocol. In addition, our study of women with CFS suggests that a maximal bicycle test using a linear increase in workload generates similar VO 2 at RER = 1.0, peak VO 2 , peak VE, peak RER, peak HR results as a maximal bicycle test using a stepwise increase in workload. The sudden increase of 15 W (stepwise protocol) did not significantly reduce the peak VO 2 estimate. According to these findings, the difference between linear and stepwise exercise protocols cannot account for all discrepancies of previous studies on exercise testing in CFS.
